Xenon and radon have many similar properties, a difference being that all 35 isotopes of radon ( 195 Rn-229 Rn) are radioactive. Radon is a pervasive indoor air pollutant believed to cause significant incidence of lung cancer in many geographic regions, yet radon affinity for a discrete molecular species has never been determined. By comparison, the chemistry of xenon has been widely studied and applied in science and technology. Here, both noble gases were found to bind with exceptional affinity to tris-(triazole ethylamine) cryptophane, a previously unsynthesized water-soluble organic host molecule. The cryptophane-xenon association constant, K a ¼ 42,000 AE 2,000 M −1 at 293 K, was determined by isothermal titration calorimetry. This value represents the highest measured xenon affinity for a host molecule. The partitioning of radon between air and aqueous cryptophane solutions of varying concentration was determined radiometrically to give the cryptophane-radon association constant K a ¼ 49,000 AE 12,000 M −1 at 293 K.
host-guest chemistry | supramolecular chemistry | xenon biosensing R adon and xenon were isolated by Ramsay and coworkers more than one century ago, but since that time only the chemistry of xenon has received much attention. Xenon can be harvested from the atmosphere and has wide-ranging applications, from plasma televisions to ion propulsion systems for spacecraft. Radioactive 133 Xe is used as a tracer for measuring physiological blood flow (1) and also in detecting long-range fallout from nuclear weapons testing (2) . Stable isotope 129 Xe has a spin-half nucleus that can be hyperpolarized to generate very large signals for MRI (3) . Host molecules have been identified that bind xenon with high affinity (4) , motivating further technological applications. Much less studied is radon, a radioactive noble gas that occurs as an intermediate species in the decay chain of uranium-238, an element ubiquitous in Earth's crust. Epidemiological studies indicate that indoor accumulation of radon may cause a 5-31% increase in lung cancer risk per 100 Bq m −3 exposure (5). In Europe, such a level corresponds to 2% of all cancer deaths (5) . The imperative to detect and remediate indoor radon motivates the study of radon chemistry, as do other scientific applications such as radon emission related to seismic activity (6). Prior radon-chemical studies have focused on adsorption of the gas to bulk substrates (7) such as charcoal, silica gel, and ice, and on the formation of radon halides (8) . Radon hydrates have also been found to incorporate into the crystal lattices of SO 2 and H 2 S hydrates (8) . Until now, no discrete molecular species has been shown to bind radon, presenting an exciting frontier in noble gas research and host-guest chemistry.
Radon is 10-15% larger by van der Waals volume than xenon (V Xe ≈ 42 Å 3 , V Rn ≈ 47 Å 3 ) (9) and exhibits higher polarizability
, which should promote binding to void spaces. These observations led us to examine binding of radon to a cryptophane organic host molecule that has well-established xenon affinity (4) . Cryptophane-A, consisting of two cyclotriguaiacylene caps joined by three ethylene linkers, has been shown to encapsulate xenon reversibly as a host-guest complex (11) . Recent X-ray crystallographic studies have shown that the internal volume of trisubstituted cryptophane-A derivatives can vary by more than 20%, depending on the size of the encapsulated guest (12) . Several cryptophane-A derivatives have been synthesized and shown by isothermal titration calorimetry (ITC), fluorescence quenching, and NMR studies to exhibit xenon association constants as high as 33;000 AE 3;000 M −1 at 293 K in phosphate-buffered water (13) (14) (15) (16) . Herein, we report a previously unsynthesized cryptophane-A derivative, tris-(triazole ethylamine) cryptophane (TTEC), with superior xenon-binding characteristics. A sensitive radiometric assay was developed for measuring radon binding to the same cryptophane.
Results
Synthesis. The synthetic route leading to TTEC (compound 6) is outlined in Fig. 1 and here briefly described. A list of reagents, general methods, and synthetic procedures are provided in SI Text. Tripropargyl cryptophane 4 was synthesized in 10 steps in 4% overall yield according to literature procedure and matched the reported physical constants and NMR spectrum (14) . We synthesized 2-azidoethylamine in 93% yield, also following literature precedent (17) . Reaction of 4 with three equivalents of 2-azidoethylamine was achieved via copper(I)-mediated [3 þ 2] Huisgen cycloadditions (18) (19) (20) (21) to give the water-soluble TTEC (6) . TTEC was purified by HPLC ( Fig. S1 provides representative trace) and isolated in 75% yield. TTEC identity was confirmed by 1 H, 13 C, and hyperpolarized 129 Xe NMR spectroscopy (Fig. S2) , in addition to matrix-assisted laser desorption/ionization mass spectrometry.
Xenon Binding. To study the binding of xenon to TTEC, we utilized an ITC protocol previously developed in our laboratory (14) . The experiments were performed by titrating TTEC in phosphate buffer (20 mM, pH 7.5) at 293 K with saturated xenon-in-water solution (5.05 mM at 1 atm, determined from the literature, ref. 22 ). The association constant was measured to be K a ¼ 42;000AE 2;000 M −1 at 293 K, which is the highest xenon affinity measured for any synthetic or naturally occurring host molecule. The cited uncertainty interval for K a is a standard uncertainty, assumed to correspond to a standard deviation, whose principal component was the uncertainty of the enthalpogram fit. Specifically, fitting of the enthalpogram (molar heat evolved vs. molar ratio, Fig. 2 −25.93 kJ mol −1 ), which is believed to incorporate contributions from the dissolution of the clathrate water structure that surrounds xenon in solution, the release of one or more water molecules from the cryptophane cavity, and the noncovalent dispersion interactions between bound xenon and TTEC.
Radon Binding. Studies of radon binding used 222 Rn evolved from the decay of 226 Ra in four capsules, akin to National Institute of Standards and Technology standards disseminated as SRM 4973 (23) and consisting of polyethylene-encapsulated 226 Ra solution. These capsules generate a radium-free radon solution from decay of the radium and diffusion of the gaseous radon out of the capsules (24) , and have been used to produce very small quantities of radon for use in calibrating environmental standards-e.g., those of drinking water. In particular, only about two femtomoles of radon were available for use in our studies, rendering impractical the fluorescence quenching and ITC methods we previously used to measure xenon binding to cryptophane in water (14) . Instead, we devised a method (Fig. 3) wherein the binding of radon to TTEC could be measured radiometrically by liquid scintillation, a technique with detection efficiency approaching five due to equilibrated radon progeny (25) . A related technique, involving gas-phase activity measurement, has been used to determine the partition of radon between water and various organic liquids (26) . Radon partitions between gas and liquid phases according to a known ratio: the Ostwald solubility coefficient, L (27), for that liquid and temperature. Cryptophane dissolved into the liquid phase of such a system acts as a radon sink and perturbs the system away from the Ostwald value in proportion to the binding affinity. Radon was allowed to partition between the gas and liquid phases for 30-40 min, with intermittent mixing. Subsequent sampling of the liquid phase allowed determination of the "apparent partition coefficient," and from that K a . We begin with the standard expression of K a :
Because ½Rn ≪ ½TTEC (femtomole vs. micromole quantities), the simplification was made that ½TTEC free ≈ ½TTEC. Therefore,
where A B and A free are the bound and free radon activities in solution, which were not independently measured. We have the definition of the Ostwald solubility coefficient,
where V g and V l are the gas and liquid phase volumes and A g the gas-phase radon activity. Defining the apparent partition coefficient, L 0 ,
we arrive at the relationship . Diagrammatic representation of the radon binding affinity measurement, which exploits the partition of radon between aqueous and gaseous phases. L is the Ostwald coefficient of gas partition and K a is the radon association constant to be determined.
From liquid scintillation (LS) counting before and after exposure to cryptophane, we determined A g and (A free þ A B ), which in turn yielded L 0 . Our L 0 vs.
[TTEC] data were fit by linear regression to Eq. 1 (Fig. 4) . By this method, the affinity of TTEC for radon was found to be K a ¼ 49;000 AE 12;000 M −1 at 293 K. The standard uncertainty given here for K a derived from the 95% confidence intervals on the parameters of fit to the apparent partition coefficient vs. TTEC concentration series (Eq. 1 and Fig. 4) . The uncertainties in the liquid scintillation measurements used to determine the radon concentrations were negligible. These data were well fit by a linear model, with R 2 ¼ 0.87. Radon activity measured for reaction vessels containing no cryptophane deviated from this line, as expected when the ½Rn ≪ ½TTEC condition no longer holds.
Discussion
From these experiments, radon was found to bind TTEC with a free energy of binding 0. to accommodate a much larger (71 Å 3 ) CDCl 3 guest (12). We can assume that TTEC bound to either Xe or Rn adopts a very similar geometry to the previous 4-Xe crystal structure (12) (Fig. 5) . As evidenced by this structure, Xe underfills the cryptophane cavity, interacting over tenths of angstroms with the phenyl carbon atoms in both cyclotriguaiacylene caps. The somewhat larger, more polarizable Rn atom is expected to exhibit stronger van der Waals interactions with TTEC than Xe, as supported by the measured enhancement in free energy of binding.
Despite the institution of government-sponsored detection and remediation programs in many countries (29) , contemporary assessments show that radon exposure remains the second leading cause of lung cancer, after smoking, in the United States (30, 31) . Although the environmental health risks posed by radon are well recognized, studies of radon binding to well-defined synthetic or biological targets have not been performed; studies have tended to focus on the association of radon progeny, not radon itself (32) . Challenges in this work have been to obtain pure 222 Rn and make binding measurements on very small quantities of material. In the current study, pure radon was obtained by sealing 226 RaCl 2 solution inside of polyethylene capsules permeable only to the gaseous emanation. These capsules, placed in a sealed 10.6-mL water-filled vessel, generated a useful concentration of 222 Rn within roughly 1 wk as a steady state was approached. This solution provided sufficient 222 Rn for tens of binding measurements. This method requires the radium-filled capsules to be properly sealed, and all 222 Rn manipulations must be performed using gas-tight syringes inside of a laboratory fume hood. With these precautions, this method has broad utility for the study of radon binding to many different biological samples, biomolecules, or other small-molecule hosts.
The concepts of supramolecular chemistry (33, 34) can be usefully applied to the study of radon binding. For example, many organic cavitands should bind radon with appreciable affinity, based on radon's considerable polarizability and molecular volume, which is similar to that of dichloromethane. This study showed that a water-soluble cryptophane-A derivative binds radon with considerable affinity. Indeed, TTEC may provide a nearly optimal cavity for radon as its internal volume (ca. 90 Å 3 , assuming modest expansion from the average 4-Xe structure) (12) is approximately twice the radon atomic volume (35) . Furthermore, in lieu of three ethylamine groups, tripropargylated 4 can be reacted with a wide variety of water-solubilizing azido linkers that may fine tune the host-noble gas interaction (12) (13) (14) .
Considering our previous study of the analogous tris-(triazole propionic acid) cryptophane (14) , it is striking that a tris-carboxylate to tris-amine substitution at the cryptophane periphery increased the Xe association constant from 17,000 to 42;000 M −1 at 293 K. In order to explore the role of electrostatic interactions, we investigated xenon binding to TTEC at pH 2.5 and pH 7.5. In a previous study with a hexa-acetate cryptophane (its six acid moieties positioned at the cryptophane periphery), the 129 Xe NMR chemical shift decreased by approximately 3.5 ppm in aqueous solution as the pH was increased from 4 to 5 (36) . In contrast, hyperpolarized 129 Xe NMR spectroscopy with TTEC at 298 K (Figs. S2 and S3) gave comparable cryptophane-bound chemical shifts at pH 2.5 (63.3 ppm) and pH 7.5 (63.6 ppm), which is indicative of very similar Xe-binding environments within the cryptophane. Over this pH range, the compound went from a state of predominantly triple protonation at pH 2.5 to mostly single protonation at pH 7.5 while remaining in solution (Fig. S4) . Slightly higher Xe-binding affinity was observed by ITC at pH 7.5 than pH 2.5 (K a ¼ 42;000 AE 2;000 M −1 vs. K a ¼ 34;000 AE 1;000 M −1
at 293 K, Fig. S5 ). Thus, it appears that electrostatic interactions, ▪ represent a series of increasing cryptophane concentrations in the nonsaturated regime, fitted to Eq. 1. Fig. 5 . Structure of 4-Xe complex determined from X-ray crystallography (12) . Van der Waals radii are shown for Xe (blue sphere) and carbon atoms of one pair of opposing phenyl groups. Hydrogen atoms have been removed for clarity. Rn is expected to bind to the same site in TTEC, while occupying 10-15% more of the interior cavity volume.
as well as other effects such as cryptophane solvation and water occupancy, are responsible for the enhanced Xe binding observed in TTEC.
Conclusion
The development of high-affinity Xe-binding cages is an area of active investigation and is critical to the burgeoning field of xenon biosensing (16, 37, 38) . Synthetic host molecules designed to bind xenon in cells or in vivo must compete against a wide variety of biological substrates. Xenon is lipophilic and exhibits affinity for cavities in macromolecular interiors. Xenon's lipophilic behavior has been shown from its partition with long-chain hydrocarbons (39, 40) and from its in vitro (41) and in vivo (42) partition with fatty tissue. Xenon binding to myoglobin has been well characterized by NMR spectroscopy (43, 44) and X-ray crystallography (45) , and metmyoglobin-Xe association constants have been measured to be approximately 200 and 10 M −1 (45, 46) . Comparable affinities have been determined for other naturally occurring sites in hemoglobin (44) , lipoxygenase (47) , and lipid transfer protein (48) , as well as specially designed hydrophobic cavities in T4 lysozyme (49), ribose-binding protein (50) , and other examples (51, 52) . We showed previously that xenon binds water-soluble cryptophanes approximately 1.5-fold less avidly in human plasma than in aqueous buffer solution (14) . Thus, the design of higher affinity xenon-binding molecules such as TTEC extends the range of possible biological applications. Biologically targeted cryptophanes are under development as potential 129 Xe MRI contrast agents, as demonstrated by xenon biosensors for the prototypical biotin-avidin interaction (53, 54) and other proteins (55) (56) (57) , as well as preliminary cell studies (58) (59) (60) . This demonstration of radon binding to cryptophane raises similar possibilities of molecularly functionalized radon binders for biological, environmental, and materials applications involving radon delivery, sequestration, or detection.
Finally, it is significant that xenon and radon showed similarly tight binding for a well-defined molecular cavity (TTEC). This similarity suggests that radon, which like xenon is known to be lipophilic (26, 61) , also binds with appreciable affinity to many proteins, surfactants, and small air spaces in the lung and other regions of the body. Radiometric binding methods developed in the course of this work will enable quantitative comparisons of radon binding to various biomolecular targets, as a means of assessing environmental health risk. Such information may ultimately be useful in developing more effective mitigation strategies for this indoor pollutant.
Methods
Xenon-Binding Study. ITC was performed using a MicroCal VP-ITC titration microcalorimeter. TTEC was dissolved in phosphate buffer (20 mM, pH 7.5) and the concentration (140 μM) was determined by UV-visible spectroscopy according to the extinction coefficient of TTEC at 280 nm (ε 280 ¼ 12;400 M −1 cm −1 ). The preparation of saturated aqueous xenon solution and the determination of xenon concentration at 293 K were performed following the same methodology reported previously (14, 22) . The titrations were carried out at 293 K; 1.8 mL of the TTEC in 20 mM phosphate buffer was placed in the calorimeter cell, and the saturated xenon-water solution was loaded into the microsyringe.
The titration was performed by the sequential addition of 15 μL aliquots of xenon solution (for a total of 19 injections) at 5-min intervals. The heat of reaction per injection (microcalories per second) was determined by integration of the peak areas (ORIGIN 7.0, MicroCal software). The values of the binding enthalpy (ΔH o ), the stoichiometry of binding (n), and the association constant (K a ) were obtained from fitting the heat evolved per mole of xenon injected versus the xenon/TTEC molar ratio using the same software. Three control experiments (Figs. S6 and S7) were performed with each phosphate buffer (20 mM) at pH 7.5 or pH 2.5: (i) saturated xenon solution titrated into buffer; (ii) water titrated into TTEC-buffer solution; and (iii) water titrated into buffer to determine the heats of dilution. Processes i and ii were subtracted from, and iii was added back to, the corresponding TTEC-xenonbinding enthalpogram before curve fitting.
Radon-Binding Study. Radon was generated from 63 kBq 226 Ra in four polyethylene capsules submersed in a water-filled 10.6-mL vessel sealed with an aluminum-lined septum. Radon was allowed to accumulate in the water for 8 d prior to the experiment. The emanation fraction (i.e., the ratio of accumulated 222 Rn to the total generated from 226 Ra decay) for the capsules was about 30%. Stock TTEC solution concentration (48.3 μM) was determined by UV-visible spectroscopy and radon-in-water solution concentration (1.002 pM) by LS counting. Glass vials (1.1-mL Chromacol screw top, Supelco) sealed with polytetrafluoroethylene septa were filled by micropipette with varying concentrations of cryptophane solution (0.49-5.29 nmol in 120 μL; six concentrations, each in duplicate, and three null trials) and with radonin-water solution (400 μL) from the generator, by 10-mL glass, gas-tight Hamilton syringe. The rest of the vial was left as airspace. The samples were incubated for 30-40 min at 293 K; each vial was subjected to two 5-s vortex mixings, one each at the beginning and end of the incubation. A 400-μL sample was withdrawn from each vial and injected beneath the surface of approximately 19-mL LS cocktail that consisted of a commercial scintillation fluid (Ultima GAB, PerkinElmer) having a 5% water fraction in a 22-mL Al-foil-lined glass LS vial. LS counting was done using automated equipment after allowing time for radon to equilibrate with its daughter nuclides. Each sample was counted for 1 h in two apparatuses with different operational parameters (Beckman Coulter; Wallac, PerkinElmer). All liquid transfers by micropipette and syringe, as well as the precise volumes of the vials, were quantified gravimetrically.
The radon determinations were based on well-established LS procedures for the assay of gravimetrically determined aliquots of aqueous solutions containing radon in radioactive equilibrium with its short-lived daughter products (23) . Raw LS data were corrected for background (<0.3% correction), for the radon content in the airspace above the cocktail in the LS vials (approximately 0.7% correction), and for radioactive decay to a common reference time. Counting was initiated after a minimum of 4 h to ensure that the radon daughters were in radioactive equilibrium. Each source was measured for 20 min over a period of 0.2-4.9 d on 6-10 occasions. The corrected net counting rates were observed to decay with the radon half-life, indicating that there was no radium leakage from the capsules. Corrected data were fitted to Eq. 1 by least-squares linear regression using MATLAB (Mathworks) to obtain K a and L.
